Several studies have focused on the effect of bone morphogenetic protein (BMP) on prostate cancer homing and growth at distant metastatic sites, but very little effect at the primary site. Here, we used two cell lines, one (E8) isolated from a primary tumor and the other (cE1) from a recurrent tumor arising at the primary site, both from the conditional Pten deletion mouse model of prostatic adenocarcinoma. Over-expression of the BMP antagonist noggin inhibited proliferation of cE1 cells in vitro while enhancing their ability to migrate. On the other hand, cE1/noggin grafts grown in vivo showed a greater mass and a higher proliferation index than the cE1/control grafts. For suppression of BMP activity in the context of cancer-associated fibroblasts (CAFs), we used noggin-transduced CAFs from the same mouse model to determine their effect on E8-or cE1-induced tumor growth. CAF/noggin led to increased tumor mass and greater de-differentiation of the E8 cell when compared with tumors formed in the presence of CAF/control cells. A trend of increase in the size of the tumor was also noted for cE1 cells when inoculated with CAF/noggin. Together, the results may point to a potential inhibitory role of BMP in the growth or re-growth of prostate tumor at the primary site. Additionally, results for cE1/noggin, and cE1 mixed with CAF/noggin, suggested that suppression of BMP activity in the cancer cells may have a stronger growth-enhancing effect on the tumor than its suppression in the fibroblastic compartment of the tumor microenvironment.
Introduction
Previously, our laboratory showed that bone morphogenetic proteins (BMPs), such as BMP2 and BMP7, could enhance certain in vitro oncological characteristics of human prostate tumor cell lines (Yang et al. 2005 , Lim et al. 2009 ). However, there is still a significant degree of inconsistencies reflected in the literature.
For example, while there are reports (Feeley et al. 2006 , Kwon et al. 2010 ) that concurred with our observations that BMP treatment promotes migration and invasion of PC-3 human prostate cancer cells in vitro, there are also reports implying that BMP treatment inhibits migration and invasion of these same cells (Buijs et al. 2007 , Ye et al. 2007 , Benelli et al. 2010 ). It appears that a study of a single BMP may not be the most effective approach as individual BMP family members may differ in their ability to confer positive or negative effects. To assess the overall effect of BMP signaling in prostate cancer, we used noggin, an inhibitor of multiple BMPs, to investigate how loss of BMP signaling might influence in vitro and in vivo growth characteristics of prostate cancer cell lines.
Noggin is a secreted glycoprotein with a monomer molecular weight of 32 kDa, but usually exists as a homodimer (Yanagita 2005 , Krause et al. 2011 . Like other BMP antagonists, it has a cysteine-rich C-terminal region that, via cysteine knots, confers a distinct ring structure used to classify the antagonists into three subfamilies. noggin, with its ten-member ring structure, belongs to the chordin and noggin family (Avsian-Kretchmer & Hsueh 2004) . Crystal structures of both BMP7 and noggin showed that noggin binding to BMP7 occluded both type I and II BMP receptor binding sites on BMP7. This prevented BMP7, and presumably other BMPs to which noggin binds, from activating both SMADdependent and SMAD-independent signaling pathways via the BMP receptors (Groppe et al. 2002) .
Noggin was reported to bind with varying affinities to BMPs 2, 4, 5, 6, 7, 13, and 14 (Krause et al. 2011) . Song et al. (2010) demonstrated that noggin binds to BMP2 and BMP4 more strongly than BMP7 and to BMP6 with only low affinity. Shaw et al. (2009) reported that under their culture conditions, noggin impeded BMP4-dependent but not BMP7-dependent gene transcription in LNCaP cells. Notably, another BMP antagonist, sclerostin (SOST), was shown to bind noggin, although in this case the SOSTnoggin complex was mutually inhibitory and increased BMP availability (Winkler et al. 2004) . Yuen et al. (2008) showed that while BMP6 expression by itself was not a good prognostic indicator of distant metastasis of prostate tumors, combining high BMP6 expression with low noggin and SOST expression was a more reliable predictor. In vitro data showed that adding noggin to conditioned media from prostate cancer cell lines reduced their ability to induce osteoblastic activity (Dai et al. 2004 (Dai et al. , 2005 . Consistent with these observations, Schwaninger et al. (2007) showed that osteolytic cell lines (PC-3, PC-3M-Pro4) expressed noggin while osteoblastic cell lines (LNCaP, C4-2, C4-2b) did not. These in vivo data were mostly derived from implantation of noggin over-expressing cell lines into bone. Regardless of the osteoblastic or osteolytic nature of the prostate tumor cell line, osteoblastic/-lytic response was reduced, although tumor growth was not always necessarily inhibited (Feeley et al. 2005 , Virk et al. 2009 . Notably, a recent paper showed that noggin silencing in PC-3 cells preserved bone formation in the osteolytic lesions and decreased tumor growth (Secondini et al. 2011) . To date, most noggin studies used prostate cancer cell lines isolated from metastatic lesions and are limited to its influence in the bone microenvironment. In this study, we used a newly established murine prostate adenocarcinoma cell line, isolated from a prostate tumor in the androgen-dependent phase, as well as a cell line from a recurrent tumor at the primary site after castration to study how the overall inhibition of BMP signaling in either the neoplastic epithelium or the fibroblastic stromal compartment of the prostate cancer might affect tumor growth.
Materials and methods

Cell lines
E8 cell line was derived from an intact Pten deletion mouse tumor following a similar procedure as described for generation of E2 and E4 cell lines (Liao et al. 2010) . Both E8 and another line, cE1 (Liao et al. 2010 ) derived from a castration-resistant prostate cancer from the same model, were maintained at 5% CO 2 , 37 8C, in DMEM supplemented with 10% FBS, 25 mg/ml bovine pituitary extract (Invitrogen), 5 mg/ml insulin (Sigma-Aldrich), and 6 ng/ml recombinant human epidermal growth factor (Invitrogen). cE1 cells were later switched to a medium similar to the above with the addition of 1 nM R1881 (Perkin Elmer, Waltham, MA, USA) and the replacement of 10% FBS with 10% charcoal:dextran-stripped serum (Gemini, Sacramento, CA, USA) to reduce endogenous androgens. Cancer-associated fibroblast (CAF) cells were isolated and cultured as described previously (Yang et al. 2008) .
Lentivirus production
The plasmid containing Noggin cDNA was a kind gift from Dr Cheng-Ming Chuong of the University of Southern California. The lentivirus construct ( Fig. 1A) was prepared at the UCLA Vector Core. The open reading frame (ORF) of mNoggin was amplified with primers 5 0 -mNoggin-BamHI (GATCGGATCCATGGAGCGCTGCC) and 3 0 -mNoggin-EcoRI (GCTAGAATTCCTAGCAGGAACACTTACACTCG) using Phusion HF PCR mix (Thermo Scientific, Pittsburgh, PA, USA). PCR product was gel isolated and digested with BamHI-HF and EcoRI-HF (New England Bioscience, Ipswich, MA, USA). pRRL-sin-cPPT-MCS-IRES-emdRFP plasmid, a third-generation lentiviral construct kindly given by Dr Luigi Naldini of the University of Milan, Italy , was cut at the multiple cloning site with the same enzymes. Two products were ligated and transformed in STBL3 cells. Lentivirus was produced in 293T cells using a third-generation packaging system as described previously .
Lentivirus infection
E8 and cE1 cells were plated at 100 000 cells/well in sixwell plates and incubated with 1 ml growth medium containing lentiviruses, at an MOI (multiplicity of infection) of 100, in the presence of 5 mg/ml polybrene overnight. The next morning, wells were washed with PBS twice and fed with complete medium. The procedure was repeated once more and then the transduced cells were sorted by flow cytometry on the basis of red fluorescent protein (RFP) fluorescence.
RNA preparation and real-time RT-PCR
Total RNA was extracted using the Tissue RNA miniprep kit with DNase I set (Bioland, Paramount, CA, USA) following the recommended protocol by the manufacturers. Isolated RNA (1 mg) was reverse transcribed using qScript cDNA Synthesis Kit (Quanta, Gaithersburg, MD, USA). Real-time PCR was carried out using 12.5 ml FastStart Universal SYBR Green Master (Roche) with 1 ml cDNA in a total volume of 25 ml. The PCR conditions were as follows: one cycle of 95 8C for 10 min; 40 cycles of 95 8C for 30 s, 55 8C for 1 min, and 72 8C for 30 s; and one cycle of 95 8C for 1 min and 55 8C for 30 s. Reactions were carried out with the Stratagene Mx3000P PCR machine, and the cycle thresholds were determined with the accompanying software. Actin was used for each sample as internal control. Real-time PCR primers are listed in Table 1 .
Analysis of proliferation
Growth curves in serum-free media with varying amounts of R1881 were obtained as described previously (Liao et al. 2010) . Growth of transduced cell lines was determined by plating 50 000 cells/well in growth medium into six-well plates (day 0). Medium was refreshed every 2 days and the proliferation rate was determined by cell counting at the indicated time points using a Beckman Coulter Counter.
Immunostaining
Immunostaining was done according to previously published methods (Liao et al. 2010) . For immunohistochemistry, the following primary antibodies were used: androgen receptor (AR) (1:200; Santa Cruz, Dallas, TX, USA), CK8 (TROMA-1) (1:100; Developmental Studies Hybridoma Bank, University of Iowa, IA, USA), CK5 (1:1000; Covance, Princeton, NJ, USA), vimentin (1:50; Cell Signaling, Beverly, MA, USA), Ki67 (1:200; Vector Laboratories, Burlingame, CA, USA), or CD31 (PECAM-1) (1:1000; Santa Cruz). Secondary antibody consisted of biotinylated goat, rabbit, or rat IgG (1:200; Vector Laboratories). For vimentin and CK8 co-immunofluorescence staining, sections were incubated in the above vimentin and CK8 antibody overnight and then stained with FITCconjugated anti-rat IgG (1:80; Sigma-Aldrich) as well as TRITC-conjugated anti-rabbit IgG (1:50; Sigma-Aldrich). Negative controls were done under the same protocol with the omission of the fluorescing antibody. Ki67 quantitation was performed by counting positively stained cells in three 400! fields per graft and divided by the number of nuclei found in those fields. CD31 quantitation involved counting the number of positive structures per 400! field, in triplicate. Calculation of areas containing glandular structure involved taking low-magnification images of the entire graft and using ImageJ to quantitate areas with glandular structure.
Western blot
Cell lysates and conditioned medium were collected as described previously (Yang et al. 2005) . Primary antibodies were used as follows: goat anti-noggin (1:1000; R&D 
ACCGCTTTTGCTGCTGTAGT CAGAAACTGATGCCAAAGCA All primer sets were designed by the authors using Primer3 Software with the exception of the Noggin primer set, which was taken from Reinhold et al. (2004) .
Systems, Minneapolis, MN, USA), rabbit anti-SMAD1 (1:1000; Cell Signaling Technology), anti-phospho-SMAD 1,5,8 (1:1000; Cell Signaling Technology), and goat anti-actin (1:5000; Santa Cruz).
Migration assay
E8, cE1, and CAF cells were allowed to reach 90-100% confluency in six-well plates. The growth medium was saved and replaced with fresh medium containing 10 mg/ml of mitomycin C (Sigma-Aldrich). The cells were incubated at 37 8C for 2 h, after which the wound line was made with a 200 ml pipette tip on the monolayer cultures of the cells. Cells were washed with PBS twice, the saved growth media was added, and photographs were taken at indicated time points. Gap distance was measured using ImageJ Software and divided by elapsed time to obtain migration rate.
Tumorigenicity assay
Transduced E8 or cE1 (1!10 6 ) cells were suspended in 50 ml growth media and mixed with 50 ml Matrigel (BD Bioscience, San Jose, CA, USA) and then inoculated subcutaneously into NOD.SCID mice of 8-12 weeks of age. Grafts were collected surgically at 6 weeks postinoculation from the killed animals. For assays involving CAF, 2!10 6 transduced CAF cells were added to 1!10 6 E8 or cE1 in 100 ml growth media and were treated as mentioned earlier.
Statistical analysis
Results were evaluated as the meanGS.D. of at least two different experiments performed in triplicate. Differences between individual groups were analyzed by Student's t-test. P values of !0.05 were considered statistically significant.
Results
Signaling, growth, and migration of noggin-transduced cE1 cell line
Stable cell lines of noggin over-expressing cE1 cells were created via lentivirus-mediated infection of either noggin-RFP or RFP alone (Fig. 1A) . The former is referred to as cE1/noggin and the latter cE1/control. After FACS sorting, over-expression of noggin was confirmed by both qPCR and western blot. qPCR analysis showed that Noggin transcript in cE1/noggin cells was O10 000-fold higher than in parental cE1 and cE1/control cells ( Fig. 1B ) and the noggin western blot confirmed that a similar pattern of expression could also be detected in the conditioned medium (Fig. 1C ). It should be noted that conditioned medium from control cells did not show any detectable amount of noggin. After confirming over-expression of noggin, we tested the ability of noggin to antagonize BMP2 signaling. Immunoblotting for phospho-SMAD 1,5,8 demonstrated that cE1/control had little to no activation of the SMAD pathway. The addition of BMP2induced strong phosphorylation of SMAD 1,5,8 in cE1/control cells, and, as expected, expression of noggin reduced the phosphorylation of SMAD and increasing concentrations of BMP2 were able to partially alleviate the repression of SMAD activation (Fig. 1D ).
As it is known that forced expression of BMPs induces noggin expression and that knockdown of BMPs decreases noggin (Haudenschild et al. 2004 , Ye et al. 2007 , we checked whether noggin over-expression might affect BMP expression in cE1 cells. We performed qPCR analysis and saw that the BMP profile for cE1/control was similar to that of cE1/noggin. Of the ten BMPs assayed, only Bmp4 showed significantly higher transcript levels in cE1/noggin vs cE1/control. Sost expression was also assessed, as we wanted to know the likelihood of noggin function being antagonized and we saw that transcript levels were similarly low in both cell lines (data not shown). We also assayed the expression of the four type I (Bmpr1a, Bmpr1b, Alk1, and Alk2) and three type II (Bmpr2, Acvr2a, and Acvr2b) BMP receptors known to bind BMPs and found that both cell lines expressed Bmpr1a and Bmpr2 the highest. There was also modest expression of Alk2, Acvr2a, and Acvr2b. There was little to no expression of Bmpr1b and Alk1. Overall, the over-expression of noggin did effect expression of BMPs and BMPRs in cE1 cells (data not shown).
Next, we assayed whether noggin over-expression influenced any characteristics known to contribute to oncological properties. We performed proliferation and migration assays with cE1/control and cE1/noggin lines. Figure 1E shows that noggin over-expression slowed cell growth and by day 6, the number of cells in the cE1/noggin plates was significantly less (P!0.01) than in cE1/control. Cell cycle analysis shows that forced noggin expression caused a small but consistent increase in G0/G1 phase cE1 cells, which is consistent with the change in growth rate, although this was not statistically significant (data not shown). To assess migration, a wound-healing assay was done and as Fig. 1F illustrates, it was found that cE1/noggin cells penetrated the wound line and closed the gap faster than cE1/control cells. Using ImageJ, we measured the gap over time and found that the migration rate for cE1/noggin cells was significantly faster than cE1/control cells (Fig. 1G ).
Forced expression of noggin increases tumor proliferation in vivo
In vitro data supported a role of BMP signaling in promoting proliferation but not migration of cE1 cells. To determine whether these observations would be supported in vivo, we subcutaneously implanted 1!10 6 cE1/control or cE1/noggin cells into NOD.SCID mice and harvested the resultant grafts after 6 weeks. Tumor incidence was 100% (6/6) for both cell lines. However, in contrast to the in vitro growth rates, the tumors composed of cE1/noggin cells were almost twofold larger than those of cE1/control cells ( Fig. 2A) . Histopathological analysis revealed that both cE1/control grafts and cE1/noggin grafts were of similar phenotype. In both types of grafts, keratin 8 (CK8), AR double-positive cells formed glandular-like structures (Fig. 2B) . AR staining was confined largely to the nucleus of CK8-positive cells as was expected. Vimentin staining was present in the stroma, staining both fibroblasts and capillary structures and, for the most part, not detected in epithelial structures. Staining for Ki67, a cell proliferation marker, was abundant in all grafts with at least 10% of all cells staining positive. Consistent with Fig. 2A , the Ki67 proliferation index was significantly higher in cE1/noggin vs cE1/control cells (Fig. 2C ).
Previously, we described that BMPs not only affected carcinoma cells but also contributed to tumor progression by signaling to the stroma. We demonstrated that BMP treatment of CAFs induced SDF1 expression which, in turn, triggered increased tube formation in an in vitro matrigel angiogenesis assay (Yang et al. 2008) . In order to evaluate whether disruption of BMP signaling via noggin secretion from the epithelial component could affect angiogenesis in vivo, we did an immunohistochemical analysis of CD31 expression. As Fig. 2B and D illustrate, there was no significant difference in the number of positive CD31 structures among cE1/control or cE1/ noggin grafts, indicating that angiogenesis was not significantly impacted.
Expression of noggin in CAF cells
We published evidence that the effects of BMP were seen not only on cancer cells but also on tumor-associated fibroblastic cells (Yang et al. 2008) . Our in vivo evidence indicated that while transduction of noggin into carcinoma cells did affect tumor growth, the histopathology of the tumor remained unaffected. To determine the effect of noggin over-expression in the stromal compartment, we first transduced primary CAF cultures with RFP or noggin-RFP. The primary CAFs were derived from the prostate of the same Pten knockout mouse model as the tumor cell line. Unlike the malignant epithelial cells, they did not harbor the Pten deletion. We believe that using these cancer cells and fibroblasts would be representative of the tumor microenvironment of the same mouse model. However, these CAFs and tumor cell lines were derived from different tumors and as such have a similar but not identical genetic background. Figure 3A shows that conditioned medium collected from CAF/noggin cells contained significant amounts of noggin protein while conditioned media from CAF/control cells showed no detectable expression of noggin. BMP2 treatment of CAF/control cells showed a significant increase in phospho-SMAD 1,5,8 compared with CAF/noggin, although some activation of SMAD was present in all noggin lanes (Fig. 3B ). Increasing concentrations of BMP2 were able to partially counteract the effect of noggin. In order to ascertain the effect of BMP on CAF, we again examined cell proliferation and migration in control and noggin lines. Over-expression of noggin in CAF did decrease CAF cell proliferation as seen in cE1 cells (Fig. 3C ). Unlike cE1 cells, CAF migration was not affected by the presence of noggin ( Fig. 3D and E) . manner as previously published cell lines, E2 and E4 (Liao et al. 2010) . E8 cells appeared polygonal with somewhat spindle-shaped morphology and grew very rapidly; unlike cE1 cells, they did not grow in clumps (Fig. 4A) . Using realtime PCR, we checked for the expression of epithelial markers, Ck8, p63, and E-cadherin (Fig. 4B ). We saw that there was high expression of Ck8 and no detectable expression of p63, likening the cells to luminal epithelial cells. E-cadherin expression was only moderate, consistent with the lack of cell-to-cell adhesion. As other androgendependent cell lines isolated from this mouse model have a tendency to undergo an epithelial-mesenchymal-like transition (EMT), we also checked E8 cells for expression of fibroblast and EMT markers. We found that there was high expression of vimentin and moderate expression of N-cadherin, indicating that some de-differentiation occurred, but little to no expression of EMT transcription factors, such as, Twist, Snail, and Snai2 (Slug) (Fig. 4C ). It is also interesting to note that E-cadherin was expressed at a similar level to N-cadherin, further demonstrating the de-differentiated nature of these cells. E8 cells were isolated from an intact mouse and should be androgen dependent. Western blot analysis show that E8 cells express androgen receptor levels similar to E2 and E4, cell lines also isolated from an androgen-dependent tumor from the same mouse model. To determine how proliferation would be affected by the presence of androgens, growth assays were done in a modified serum-free media containing 0, 1, or 5 nM R1881. Figure 4D shows that in the absence of androgen, E8 proliferation was inhibited. In fact, practically, no proliferation was observed after 3 days in culture. The addition of R1881, however, helped sustain cell proliferation and increased the calculated doubling time by twofold at the concentration used (1 or 5 nM R1881).
Characterization of a new murine prostate epithelial cell line
To determine whether E8 cells possessed the ability to induce tumors in vivo, 1!10 6 E8 cells were subcutaneously injected into male NOD.SCID mice. Tumor incidence was observed to be 100% (6/6 mice). Histological analysis showed that the grafts indeed resembled adenocarcinoma containing glandular structures composed of multiple layers of epithelial cells expressing AR and CK8 (Fig. 4E) and breaching into the surrounding stroma. Positivity for keratin 5 (CK5), a basal epithelial cell maker, could be seen in cells lining the lumen. Grafts also stained positive for Ki67.
Expression of noggin in CAFs increases anaplastic growth in E8, but not in cE1 cells
To study how noggin over-expression in CAF cells might influence tumor growth in vivo, we mixed transduced CAF cells with non-transduced epithelial cells, androgendependent E8, and castration-resistant cE1 at a 2:1 ratio and subcutaneously injected into male NOD.SCID mice. Tumor incidence was 100% in 12 mice. Grafts containing transduced CAF and cE1 cells were generally larger than grafts formed of CAF and E8 cells. While we observed a trend of grafts containing CAF/noggin cells being larger (D) Comparison of E8 growth rate when cultured in SFM containing 0, 1, or 5 nM R1881. Cultures containing androgen had significantly higher cell numbers than those that were androgen free. (E) 400! micrographs of H&E and IHC staining of sections of E8 grafts for AR, CK8, CK5, and Ki67 showing an adenocarcinoma-like morphology. Bar, 50 mm. **P!0.01. than those with corresponding tumor cells mixed with CAF/control, there was only a significant difference in tumor mass in E8CCAF/noggin grafts vs E8CCAF/control (Fig. 5A) . Interestingly, both H&E and CK8 IHC staining showed a striking difference in morphology between E8C CAF/noggin and E8CCAF/control grafts. Little to no glandular-like structures formed in E8CCAF/noggin grafts vs a mix of both structured and non-structured growth in E8CCAF/control grafts (Fig. 5B) . In grafts containing cE1, only one cE1CCAF/noggin graft lacked any glandular-like structures whereas the other cE1CCAF/noggin grafts as well as all cE1CCAF/control grafts contained both areas of glandular-like structures and areas of non-structured growth (Fig. 5B) . In all grafts formed from either E8 or cE1 cells, glandular-like structures stained positive for both CK8 and AR. Vimentin staining was mainly localized to the stroma with weakly staining patches in CK8-positive, AR-positive cells (Fig. 5B ). Nuclear AR staining, however, was stronger in grafts containing CAF/control than in CAF/noggin cells (Fig. 5B) .
In areas containing no glandular-like structures, CK8positive cells with vimentin expression and large nuclei were detected. This observation led us to speculate that these cells might constitute anaplastic tumor cells often observed in high-grade tumors (Fig. 5B ). To determine whether these cells co-express both CK8 and vimentin, we did co-immunofluorescence staining that showed these areas expressed variable levels of CK8 that co-localized with vimentin ( Fig. 6, arrow) . Thus, we found that mixing CAF/noggin cells with E8 increased the prevalence of de-differentiated cells exhibiting decreased presence of glandular-like structures in the resulting tumors. In cE1 cells, we saw that CAF/noggin cells showed this effect in one graft while the other grafts did not show significant differences in pathology compared with cE1CCAF/ control. Ki67 staining was high in all grafts with at least 20% of cells staining positive (Fig. 5B ) and no significant differences were found among the grafts.
As we did for cE1/control and cE1/noggin grafts, we determined whether there were any alterations to be found in the vascularization of the grafts composed of CAF/control and CAF/noggin by CD31 immunohistochemistry. Figure 7A and B illustrates the observation that CD31 staining in E8CCAF/noggin grafts was slightly but not significantly decreased relative to E8CCAF/control grafts. However, in cE1CCAF/noggin grafts, the level of positive staining was moderate, but significantly lower than in cE1CCAF/control. This was unexpected as the tumors in the cE1CCAF/noggin group were trending slightly but not significantly larger. We can only surmise that although the vascularization was reduced in cE1C CAF/noggin, there was enough angiogenesis to support growth until the endpoint of this experiment. Perhaps if we had prolonged tumor growth, negative effects of reduced angiogenesis would have transpired.
Discussion
BMPs are increasingly utilized for many therapeutic purposes (Kim & Choe 2011 , Even et al. 2012 , Pensak & Lieberman 2013 . While it is important to define specific effects of individual BMPs, there is also a justification to study them collectively because BMPs as a group bind to the same set of receptors and are subject to the same group of antagonists. In order to understand how the overall impact of BMP signaling might affect tumor cells, we took advantage of the ability of noggin to inhibit a number of different BMPs, particularly 2, 4, and 7. Many studies have attempted to interrogate how noggin over-expression in cancer cells may affect tumor progression; however, a majority of these studies focused on the bone microenvironment, using cell lines isolated from metastatic lesions (Feeley et al. 2005 , Virk et al. 2010 , Secondini et al. 2011 .
The focus of our current study was to evaluate noggin over-expression in cell lines derived from the prostate tumors at the primary organ site but representing both androgen-dependent and castration-resistant growth phases. Thus, we used two cell lines: androgen-dependent E8 cells and castration-resistant cE1 cells isolated from the prostate of the conditional Pten knockout model of prostate cancer. The E8 cell line is first characterized in this study and we demonstrate that E8 is a cell line that, despite having some mesenchymal-like characteristics perhaps due to its transformed state, expresses epithelial markers and little EMT markers, such as Twist, Snail, and Slug, and thus is not actively undergoing EMT. This phenotype is stable in culture and when subcutaneously injected forms adenocarcinoma in vivo. E8 is also androgen dependent as it has limited proliferative capacity without androgen.
The study was formulated to address two biologically relevant issues: i) the effect of noggin over-expression on castration-resistant cE1 prostate tumor cells and ii) the effect of noggin over-expression in the fibroblastic stroma on the grafts induced by E8 or cE1 cells. We demonstrate that over-expression of noggin in cE1 cells results in inhibition of in vitro cell proliferation. This is consistent with our previous findings that BMP7 is able to stimulate growth of human prostate cancer cell lines (Yang et al. 2005 (Yang et al. , 2006 . It was demonstrated that BMP7 stimulates Over-expression of noggin in CAF cells promotes striking morphological changes in tumors formed with E8 cells. proliferation, in part, by suppressing apoptosis via survivin, and it is conceivable that noggin would be able to counter this mechanism. It was, however, interesting to find that noggin was able to increase migration in cE1 epithelial cells, although not that of the fibroblast cells. The propensity of cE1 to migrate faster in the presence of noggin is not consistent with our findings in BMP7-treated human cell lines, but, as noted earlier, studies of BMPs have had multiple inconsistent results concerning migration of a particular cell line being tested (Buijs et al. 2007 , Ye et al. 2007 , Benelli et al. 2010 . Further work with the cE1 line and CAFs would need to be done to understand how and why noggin promotes migration in cE1 and not CAF. The implication that inhibition of BMP functions decreases proliferation is mitigated by our in vivo findings that cE1/noggin grafts are significantly larger and more proliferative than the corresponding controls. The disparity between the in vitro and in vivo results perhaps highlight the importance of the tumor microenvironment in modulating the effects of noggin. Although no obvious differences were apparent in the morphology of the tumors formed in the presence or absence of the BMP inhibitor, it seems logical to conclude that, in vivo, the overall effect of BMP signaling on cE1 is anti-proliferative. A tumor-suppressive effect of BMP on cE1 cells is consistent with many studies that demonstrate in human prostate cancer, expression of BMPs, or its receptors is reduced or lost (Kim et al. 2000 , Thomas et al. 2001 , Masuda et al. 2004 during tumor progression at the primary site. Also, the idea of BMP as a tumor suppressor is consistent with a recent study showing that prostate epithelial specific knock out of SMAD signaling in the conditional Pten prostate cancer model increases aggressiveness of tumor progression and occurrence of metastasis; BMP/transforming growth factor b signaling may actually act as a barrier to metastasis in the mouse model (Ding et al. 2011 ).
As we have evidence that BMP is able to stimulate tumor-promoting properties of CAF cells in vitro (Yang et al. 2008) , we also over-expressed noggin in CAF cells of the tumor model to determine their effect on tumor growth induced by either E8 or cE1 cells. We presumed that reconstituting a tumor with these cellular components might recapitulate tumor behavior, at least in part, to that encountered in vivo. The most noticeable difference we detected is the anaplastic morphology seen in 100% (3/3) of E8 grafts with CAF/noggin indicative of a higher grade tumor than that seen in the case of E8C CAF/controls. E8CCAF/noggin grafts also displayed greater tumor mass compared with CAF/control counterparts. These results support an anti-oncological role for BMPs consistent with the data seen in cE1/noggin grafts. Notably, the castration-resistant tumor cell line, cE1, only had one graft with CAF/noggin that had a similar morphology to that observed with the E8CCAF/noggin group. cE1CCAF/noggin, unlike E8CCAF/noggin, did not show a remarkable increase in tumor growth when compared with its CAF/controls, although cE1CCAF grafts did grow larger than cE1 only grafts, as expected (Orimo et al. 2005) .
There are a number of possible reasons for the contrasting results we see with E8 and cE1 cells. Perhaps the ability of CAF/noggin to induce anaplasia in E8 cells is facilitated by the partially de-differentiated state that existed originally. Another possibility is that the CAFs used, which are from an androgen-dependent tumor, were not be able to promote tumorigenesis in cE1 cells as well as in E8 cells because cE1 cells were isolated from a castration-resistant tumor and thus a different microenvironment may be nonpermissive. Further studies are needed to determine whether CAFs isolated from a castration-resistant tumor are differentially influencing cE1 cells. Another point is that Morrissey et al. (2010) recently noted that their results with BMP7 were dependent on the androgen dependent/castration-resistant status of the human LNCaP and C4-2B cell lines. Thus, it is possible that the effect of noggin may also be dependent on the differing levels of androgen sensitivities of E8 and cE1 cells. Nonetheless, it is clear that inhibition of BMP signaling in CAF cells can increase their ability to support prostate tumor progression. In other words, the results obtained may imply that BMP has a generally negative impact on growth or re-growth of prostate tumor at a primary site but the cellular parameters or the mechanisms that drive this important function remain to be elucidated. However, our findings on the striking differences in the E8 and cE1 grafts mixed with CAF/noggin also underscore that the overall effect of BMPs may not be scrutinized in a biologically meaningful manner by solely focusing on the tumor cells without considering the context of the stromal components. The overall effect of BMP signaling on prostate tumors is likely to be an amalgam of its effect on the tumor cells, on the stromal cells in the tumor microenvironment, and on the heterotypic interactions that occur between the various cell types present in the tumor organ.
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